Abstract:
23 Hillslope debris flows are unconfined flows that originate by shallow failures in unconsolidated material 24 at steep slopes. In spite of their significant hazard for persons and infrastructure in mountainous regions, 25 research on hillslope debris flows is rather scarce in comparison to other landslide types. This study 26 focusses on the runout characteristics of hillslope debris flows applying two different approaches. First, 27 detailed landslide inventories, which include field measurements of 548 slope failures that occurred 28 during the last two decades in seven parts of Switzerland, were analysed. Second, laboratory tests were 29 carried out to study the effect of the soil water content, the grain-size distribution and the mobilized 30 volume on the runout behaviour of hillslope debris flows. Most of the failures in the field started as 31 shallow translational slides at terrain slopes between 25° and 45º and involved volumes of some tens to a 32 few hundred cubic meters. An analysis of the runout distance of 178 hillslope debris flows showed that 33 they normally travelled some tens of meters, but sometimes the runout exceeded 300 m. A positive 34 relation between volume and runout distance and between volume and affected area was observed, 35 although there is considerable scatter in the data. The affected area of 63 hillslope debris flows ranged 36 from ~100 m 2 to ~1500 m 2 . Based on the field data, a 7.5 m long laboratory hillslope was designed with a 37 geometrical scale factor of 20. A total of 75 runs with volumes from 4 to 20 dm 3 , water contents from 18 38 to 38 %, and four grain-size distributions were carried out. The laboratory tests revealed that water 39 content is the dominant control, but also the clay content strongly influences the runout distance and the 40 affected area. Even a small increase in water or clay content produces a considerably larger or smaller 41 runout distance, respectively. In contrast, the influence of the volume on the runout was smaller, and a 42 positive relation was observed between these two parameters. The field and laboratory results are in 43 general agreement and consistent with the results of other studies. The results of this work improve the 44 understanding of hillslope debris flows and may aid in the hazard assessments of these processes. 
Characteristics of the soils involved 144
A total of 41 samples were collected during the field campaigns in the seven test areas (Table 1) . At each 145 location, 15 to 25 kilograms of material were extracted from the soil layer at the base of the main scarp. 146
All the soil samples were analysed in the laboratory to characterise and classify them. 147
The grain size distribution curves (Figure 2a Table 2 for each of the seven test  150 areas. The average water contents generally range from 20 to 38% and the soils are characterised by a 151 rather low plasticity index between 10 and 15%. The USCS-classification of the samples showed that the 152 slope failures occurred in a large variety of soil types including fine-grained clayey and silty soils (e.g. 153 CL or ML) to sandy (e.g. SM) or even gravelly (e.g. GM) soils. 154
A comparison of the soil properties obtained in this study with similar datasets showed that both the 155 amount of clay and the plasticity index are rather similar with the samples of San Francisco Bay (Ellen 156 and Fleming, 1987). A similar study was performed for eight slope failures in Central California (Gabet 157 and Mudd, 2006). They also proposed that the mobilization from the initial slide into a hillslope debris 158 flow is related to higher (> 45 %) sand fraction of the soils. In our study, however, no effect of grain size 159 on the degree of transformation could be observed (Figure 2b) . 160 161 2.3.
Morphometric features 162
Information on almost all morphometric parameters was available for the 548 slope failures. Figure 3  163 shows the histograms of some principal parameters like failure volume, width, length, slope angle, plan7 curvature or thickness. These parameters were subsequently used to design the artificial hillslope for the 165 laboratory experiments. 166
The morphometric parameters indicate that the hillslopes mostly failed as shallow translational slides of 167 up to 400 -500 m 3 at a terrain slope angle between 25 and 45º. The most frequent volumes involve 30 to 168 250 m 3 , with an median value of 86 m 3 (Figure 3a ). Only ten failures mobilized a material volume 169 exceeding 1000 m 3 and only one exceeded 5000 m 3 . Entrainment of material along the runout path is not 170 taken into account because most hillslope debris flows in our database were typically un-channelized, 171 open-slope flows which generally did not significantly erode the underlying grassland (Figure 1) . 172
The investigation of the geometry shows that the median width of the initial slope failures is 12.5 m 173 (Figure 3b ). The length of the initial failures has a median value of 17.9 m (Figure 3c ), which gives a 174 width to length ratio of about 0.7. The thickness of the initial failure is mostly less than 1.5 m and has an 175 median value of 0.8 m (Figure 3d ). The planform curvature, which represents a slope-parallel topographic 176 profile, is mostly linear (60%) and less frequently concave or convex (about 20% each; Figure 3g ). This 177 confirms the observation that the mass movements typically were open-slope failures. 178
The slope angles of the failure plane range from 19° to 50° and have an median value of 35° (Figure 3e 
Runout distance and affected area 183
Information on the runout distance is only available for 250 failures (Table 1) , because this parameter was 184 not measured in the largest inventory (Sachseln). The initial runout dataset was carefully studied and 185 finally seventy-two entries had to be discarded because the natural runout behaviour of the movements 186 was strongly affected by events flowing into a principal torrent (n=68), which greatly increased the 187 maximum runout distance. Moreover, some stopped at an infrastructural obstacle (n=4), which strongly 188 reduced the runout. 
Laboratory experiments

220
The laboratory tests focussed on the influence of three different factors-soil water content, grain-size 221 distribution and mobilised volume-on the runout characteristics of hillslope debris flows. Special 222 attention was given to the maximum runout distance, but also the width and area of the deposit wereanalysed. A total of 75 experiments were performed in the laboratory at the WSL, of which 17 were 224 preliminary runs to test the set-up and the material mixtures and 58 runs were made for the final analysis. an inclination of 10°; and, 4) a retention basin. The roughness of a natural hillslope was approximated by 230 a standard anti-slip mat with a studded structure (manufactured by AGOFORM GmbH; 231 www.agoform.de). The studded structure with circular elevations (diameter of ~3.6 mm, height of ~0.25 232 mm and a spacing of 1.5 mm in flow direction and 2.5 mm perpendicular to the flow direction) was 233 selected because it adequately induced a realistic-appearing basal friction during preliminary tests where 234
we compared different artificial roughness configurations, and because it was easy to clean after each 235
experiment. 236
The geometric scaling factor between the laboratory experiment and the prototype (field measurements) 237 was defined to be 20, i.e. a characteristic length scale in the laboratory hillslope is 20 times smaller than 238 in reality (prototype or field scale). A summary of the most important laboratory parameters and a 239 comparison with the data collected in the field is listed in 240 Table 4 . 242
Flow depth and travel time in the laboratory were determined using four laser devices spaced along the 243 channel centreline on the steep runout zone (Figure 6 ). They were triggered by the opening of the box 244 gate and recorded for 20 seconds at 2000 Hz. The flow depth is apparent from the change in distance 245 from the laser and the travel time between the sensors was used to calculate the front velocity. Herein, the 246 laser data were not used extensively because the focus of this work was on the effect of water content, 247 grain-size distribution and volume on the runout characteristics. The flow behaviour was recorded using a 248 camcorder and selected runs were also recorded using a high-speed camera. The deposits of some 249 experiments were analysed using a terrestrial laser scanner (FARO Focus 3D) or a multistation (LEICA 250 MS50) to document the morphologic features of the deposits. Because the accuracy of these devices was 251 in the range of a few millimetres and many deposits had a thickness of up to 1 centimetre, only runs with 252 relatively thick deposits could be analysed using this method. Therefore, manual measurements of the 253 runout distance and the deposit width (at 0.2 m intervals) were made after each run, and the thickness of 254 the deposit was measured at some points. In addition, a sketch of the deposit shape was drawn after each 255
run. 256
The procedure of the experiments was identical during the entire laboratory work. First, the sediment 257 mixture was prepared in a bucket by adding the desired amount of water and then the solids starting with 258 the fine fraction and ending with the coarsest particles. The mass was continuously mixed using a drill-259 mounted paint mixer, until a homogeneous consistency was reached. Then, the mixture was filled into the 260 head box as quickly as possible and the gate was opened manually. The time from the start of mixing to 261 the material release was typically about 3 to 5 minutes. The water and sediment mixture was close to 262 laboratory temperature, measured at 18 degrees Celsius during several experiments. 263
Experimental sediment mixtures 264
The laboratory tests were performed with volumes ranging from 4 to 20 dm 3 and water contents between 265 18 and 38% by weight (Table 5) . Four different grain-size distributions were utilised to analyse the effect 266 of the clay amount and the content of fines on the runout behaviour of the flows. The sediment was 267 constructed from five parent mixtures including crushed (angular) medium to fine gravel and coarse to 268 medium sand, and a natural clay-silt mixture, which was also used in previous experiments in the same 269 laboratory (Scheidl et al., in press ). The mineralogical characteristics of the clay fraction were determined 270 by X-ray diffraction at 53% smectite, 24% kaolinite and 22% illite (Ottner, 2010) . The volume was also varied during some of the laboratory experiments (Table 5 ). The majority of the 281 runs were carried out with a bulk volume of 4 dm 3 , with another series made using a bulk volume of 10 282 dm 3 . In addition, grain-size distribution C with a water content of 0.28 was used to investigate the 283 influence of failure volume on the runout characteristics with bulk volumes ranging from 4 to 20 dm 3 . 284
3.3.
Laboratory results 285
Hydrographs and morphologic features of the deposits 286
The flow hydrographs from the laboratory experiments showed realistic morphological features including 287 a sharp front and secondary surges. The hydrographs of experiment with a volume of 12 dm 3 , 28% water 288 content and the grain-size distribution C was selected to illustrate some features (Figure 8 ). The sharp 289 front is clearly visible at the four laser positions, while secondary surges can be observed especially in the 290 two most downslope positions (L3 and L4). A total of three secondary surges were observed at L4. 291
During some experiments the sediment deposit was remobilized after an initial stop. This behaviour 292 occurred generally only in the low viscosity mixtures within a few seconds to minutes. Occasionally the 293 remobilization was associated with the reactivation of a secondary surge in the deposit, at other times the 294 remobilization was not associated with any obvious morphological features. The effect of remobilization 295 especially affected the maximum runout distance sometimes increasing it up to 0.5 m or 1 m in an 296 exceptional case. Intermediate front stopping locations were not systematically recorded. 297
The morphologic features observed during the experiments strongly depended on the grain-size 298 distribution and water content selected for the mixtures. The shape of the accumulated material was 299 generally an elongated lobe (Figure 9a) , although a bifurcation of the front into two tongues was 300 occasionally observed. The distal end of the deposit was characterised by a well-defined front (Figure 9b) . 301
A segregation and accumulation of the coarse particles was observed in the distal part of the deposit and 302 in the lateral levees (Figure 9b and c) . Lateral levees were observed in most of the runs, except the ones 303 with short runout (relatively strong viscous behaviour) and consequently relatively little grain-size 304 sorting. 305
Some runs reached the lower-angle part of the laboratory hillslope. There, the abrupt change in slope 306 from 30° to 10° strongly altered the flow kinematics and behaviour: the velocity markedly decreased and 307 flow width slightly increased. The final accumulation at this low-angle slope often had a circular or 308 ellipsoid shape with morphological ridges (Figure 9d ), which are also sometimes observed in the field in 309 the central part of the deposit (probably analogous to pressure ridges, e.g. Johnson and Rodine, 1984) . 310 311
Effect of grain-size distribution and water content on runout characteristics 312
One of the major goals of the laboratory experiments was on the effect of grain-size distribution and 313 water content on the runout characteristics. This aspect was investigated by a series of runs with a 314 constant bulk volume of 4 dm 4 . For each of the four grain-size distributions, at least five different water 315 contents were used. Runout increased with increasing water content (Figure 10a ). Small variations of the 316 water content are associated with large changes in the maximum runout distances. This effect was 317 especially apparent in grain-size distributions containing relatively small amounts of clay and silt 318 (mixtures A and B). The influence of water content on runout was weaker in the mixture with the largest 319 amount of clay and silt (mixture D). The influence of the slope change from 30° to 10° is clearly 320 illustrated using the results of mixture A: after the reduction in slope the change in runout distance with 321 increasing water content is subdued in comparison with the experimental runs, which stopped on the steep 322 section. The relation between water content and maximum runout distance was approximated using an 323 exponential function ( Table 6 ). Note that for the runs using grain-size distribution A, the two largest 324 runout distances were not taken into account due to the strong influence of the slope change mentioned 325 above. Nevertheless, the results from grain-size distribution A was the only series of runs with a 326 coefficient of determination between water content and runout (Table 6) . 335
[ Table 6 which includes Eq. 6 -11 should be inserted near here] 336
An unambiguous positive linear correlation between the water content and both width and affected area 337 was observed for each grain-size distribution ( Figure 11) . As for the relation between water content and 338 maximum runout distance, the effect of the water content is more pronounced for the grain- including data from other studies, to explore their generality. Then we describe the sensitivity of 370 laboratory runout distance to landslide volume, water content, and clay content, which may be helpful in 371 applying these results to field problems. 372
Comparison between laboratory and field data 373
To compare the laboratory runout distance and inundated areas with the field data, the values obtained 374 from the experiments have to be scaled up by a factor of 20 to obtain prototype values. First, the relation 375 between prototype volume, V pro , and prototype maximum runout distance, L pro , was compared with the 376 field data. Only the events defined as hillslope debris flows in the field datasets were considered (see Eq. 377 1) and compared with the prototype values of the laboratory experiments. The relation between the 378 prototype volume and runout can be given by 379 explanations: First, the maximum volume of the experiments was smaller (at the prototype scale) than 385 those observed in the field. Runs with a volume larger than 14 dm 3 (prototype volume of 112 m 3 ) rapidly 386 stopped when they reached the lower-gradient part of the laboratory hillslope (Figure 12a ), so it was notpossible to explore this problem with the current laboratory configuration. Second, the laboratory set-up 388 might be too simplified with a steep (30°) zone that abruptly changes into a less steep (10°) part, whereas 389 longitudinal profiles in the field are characterised by a more continuous convex shape, which may have 390 produced shorter runout distances in the field. Third, the surface of the laboratory hillslope may be 391 smoother than conditions in the field and thus enlarged runout in the steep part. 392
The relations between volume and runout distance obtained in this study were also compared with other 393 data (Figure 14a Table III in Scheidl and Rickenmann, 2010). Regarding our study and a 2/3 exponent, the k B ' -value 411 of the field data is 43.6 with a coefficient of determination of 0.51, while the k B ' -value of the laboratory 412 data is 38.7 with R 2 = 0.93. In Figure 14b , we compare our data with the data of debris flows in Italy 413 although the scatter of the raw data is significant in most of the datasets.
Sensitivity of volume, water content and clay amount to the runout distance 418
The understanding on how the characteristics of the initial slope failure influence the runout behaviour of 419 hillslope debris flows is a key-point to accurately predict their runout distance. A sensitivity analysis was 420 carried out by normalizing the results achieved by the laboratory experiments and included three 421 parameters: 1) the water content, 2) the grain-size distribution which was characterized by the clay 422 content, and 3) the volume. First, the relation between the water content and the runout distance was 423 normalized using the mean water content for all the data presented in Figure 10a . Then, the same was 424 performed for the relation between the volume and the runout distance incorporating for the data of 425 Figure 12a . Finally, the effect of the clay content on the runout distance was analysed by normalizing the 426 results obtained from Equations (6) - (9) The laboratory experiments revealed a strong influence of the water content on the runout distance of the 464 hillslope debris flows. Even a very small increase of this parameter (e.g. 1 -2%) markedly enlarged the 465 runout distance because of the exponential relation between water content and runout. The effect of 466 different grain-size distributions was also analysed and showed that an increase of clay content (e.g. 5 %) 467 considerably augmented the maximum runout. A positive relation between bulk volume and runout was 468 observed, however with a smaller influence than the other two factors. 469
The comparison between our field measurements and the laboratory experiments shows that in spite of 470 the large scatter in the field datasets the general trends are statistically similar and are also in agreement 471 with channelized debris flows and other types of flowing landslides. The large scatter of the data in the 472 field inventories in comparison with the laboratory experiments can be explained due to a number of 473 factors including natural variation in internal and basal friction or topographic differences along the flow 474
path. 475
The results of this study not only improve the understanding of the runout characteristics of hillslope 476 debris flows, but also provide useful inputs in order to establish a correct hazard assessment of this 477 common geomorphologic process. Since the volume of the initial slope failure as well as the water 478 content and the clay amount of the involved soil layers may be determined by field observations, existing 479 geotechnical maps and numerical models, the runout characteristics can firstly be approximated and 480 subsequently be incorporated in the hazard zonation. 
